We used 2D protein gel electrophoresis and DNA microarray technologies to systematically analyze genes under glucose repression in Bacillus subtilis. In particular, we focused on genes expressed after the shift from glycolytic to gluconeogenic at the middle logarithmic phase of growth in a nutrient sporulation medium, which remained repressed by the addition of glucose. We also examined whether or not glucose repression of these genes was mediated by CcpA, the catabolite control protein of this bacterium. The wild-type and ccpA1 cells were grown with and without glucose, and their proteomes and transcriptomes were compared. 2D gel electrophoresis allowed us to identify 11 proteins, the synthesis of which was under glucose repression. Of these proteins, the synthesis of four (IolA, I, S and PckA) was under CcpA-independent control. Microarray analysis enabled us to detect 66 glucose-repressive genes, 22 of which (glmS, acoA, C, yisS, speD, gapB, pckA,  yvdR, yxeF, iolA, B, C, D, E, F, G, H, I , J, R, S and yxbF ) were at least partially under CcpA-independent control. Furthermore, we found that CcpA and IolR, a repressor of the iol divergon, were involved in the glucose repression of the synthesis of inositol dehydrogenase encoded by iolG included in the above list. The CcpA-independent glucose repression of the iol genes appeared to be explained by inducer exclusion.
INTRODUCTION
Glucose repression, the phenomenon of catabolite repression, is a regulatory mechanism for global gene expression by which Bacillus cells, as well as those of other bacteria, coordinate the metabolism of carbon and energy sources for maximum efficiency and regulate other metabolic pathways as well (1) (2) (3) . The wellcharacterized mechanisms underlying glucose repression are those of catabolite repression and inducer exclusion. Recently, the mechanism underlying catabolite repression in Bacillus subtilis was extensively investigated. These studies revealed that Bacillus, as well as other low-GC Gram-positive bacteria, possess a negative regulatory mechanism for catabolite repression, which is very different from the positive regulatory mechanism of enteric bacteria, involving cAMP and its receptor protein (4, 5) . In the low-GC Gram-positive bacteria, the negative regulation of transcription of catabolite-repressive genes occurs through the binding of the catabolite control protein (CcpA) (6) , which interacts with allosteric effectors such as P-Ser-HPr (7), to cis-acting catabolite-responsive elements (cres) (8, 9) . On the other hand, inducer exclusion is independent of catabolite repression mediated by CcpA, which is explained by a specific mechanism to each operon in which its transcriptional repressor is involved.
For physiological and genetic studies on B.subtilis, the cells are often cultivated in various nutrient sporulation media. When grown in such media, the growth of B.subtilis changes from glycolytic to gluconeogenic at the middle logarithmic phase (1) . After this shift, many genes that are initially repressed by rapidly metabolizable glycolytic carbon sources, such as glycerol, become induced when these compounds are used up. This induction is due to the presence in the nutrient broth of inducers of catabolic genes or operons, such as the iolG gene encoding inositol dehydrogenase, which is glucoserepressive but can be induced by myo-inositol present in the nutrient broth (1, (10) (11) (12) . Thus, for our studies on the glucoserepressive genes in B.subtilis, we focused on genes that are induced after consumption of glycolytic carbon sources, since the expression of these genes will remain repressed by the addition of glucose.
In 1997, the genome sequence of B.subtilis was completely determined (13) . The available nucleotide sequence of all of the genes made it possible to analyze in a systematic way the proteome and transcriptome of B.subtilis cells cultivated under certain physiological conditions. The method most often used for B.subtilis proteome analysis is 2D protein gel electrophoresis (14) in conjunction with N-terminal sequencing of the proteins in the spots on the gels. The proteome analyses provided valuable information about global regulation of the central pathways of carbon catabolism governed by CcpA (15) , and important information about extracellular proteins and components of the major secretion pathway, such as SecA and Ffh (16) . Furthermore, the DNA chip technology, involving high density arrays of ORF-specific DNA fragments, has been rapidly developed for transcriptome analysis in various microorganisms whose genome sequences have been determined (for instance, Saccharomyces cerevisiae; 17). Very recently, a transcriptional profile of early to middle sporulation of B.subtilis under the control of Spo0A and σ E was reported (18) , which was obtained from macroarrays on nylon membranes. In addition, global gene expression profiles of this bacterium under anaerobic conditions were obtained from microarrays on microscope glass slides (19) . These global gene expression profiles obtained from the large-scale experiments will prompt further investigation of the genes, the expression patterns of which were newly unveiled.
The major aim of the work described here was to detect and study glucose-repressive genes of B.subtilis that are expressed after the shift from glycolytic to gluconeogenic during growth in the nutrient medium. As an approach for this analysis we used a combination of the powerful 2D gel electrophoresis and DNA microarray technologies. In particular, we examined whether or not the glucose repression of the detected genes was mediated by the CcpA protein of this bacterium. This work is heuristic, which may be used to identify the B.subtilis genes under glucose repression, and provides valuable information for further investigation of the transcriptional regulation of several genes from among those that were found to be under glucose repression.
MATERIALS AND METHODS

Bacteria and their construction
Bacillus subtilis strains 168 trpC2 (20) , 1A250 (trpC2 alsR1 ilvB∆1), 1A147 [alsA1 (=ccpA1) trpC2 alsR1 ilvB∆1] (21), FU706 (iolR::neo trpC2 alsR1 ilvB∆1) and FU707 (ccpA1 iolR::neo trpC2 alsR1 ilvB∆1) were used in this work. Strains FU706 and FU707 were constructed as follows. Plasmid pIOLR1 carrying the iolR gene (11) was cleaved at an EcoRV site in iolR and then ligated to the neo cassette, resulting in plasmid pIOLR1::neo. Plasmid pIOLR1::neo was linearized with EcoRI and then mixed with competent cells of strain 1A250 or 1A147. Neomycin-resistant transformants, resulting from a double crossover recombination, were selected.
Cell growth conditions and isolation of total protein
Cells of strains 1A250 and 1A147 were inoculated into 50 ml of Difco sporulation medium (DSM) (20) with and without 10 mM glucose in 200 ml Erlenmeyer flasks and incubated in a water-bath reciprocal shaker until growth to an A 600 of 1.0 at 37°C had occurred. Cells in 15 ml portions of the cultures were pelleted and resuspended in 1 ml of 10% sucrose and 50 mM Tris-Cl, pH 8. After pelleting the cells again, 20 µl of the lysis solution containing 10 mg/ml lysozyme, 10% sucrose, 50 mM Tris-Cl, pH 8, and 1 mM phenylmethylsulfonyl fluoride (PMSF) was added to the pellets, followed by thorough mixing and incubation of the cell suspensions at 37°C for 10 min. To completely lyse the cells treated with lysozyme, 90 µl of the lysis buffer [9 M urea, 0.31 M 2-mercaptoethanol, 2.2% (v/v) Triton X-100, 90 µM PMSF and 0.9% (v/v) Pharmalyte 3-10; Amersham Pharmacia Biotech, Buckinghamshire, UK] was added, followed by thorough mixing. After centrifugation, the supernatants were kept at -80°C until used for 2D protein gel electrophoresis.
Analytical 2D protein gel electrophoresis
The first dimension on 2D gel electrophoresis consisted of isoelectrical focusing on an Immobiline DryStrip pH4-7L (11 cm) (Amersham Pharmacia Biotech). For this aim, a solution of 80 µg of total protein was mixed with an equal volume of the sample buffer [1% (v/v) Pharmalyte 3-10, 8 M urea, 0.288 M 2-mercaptoethanol, 0.5% (v/v) Triton X-100 and 7 µM bromophenol blue] and applied to this strip, which had been treated with the rehydration buffer [8 M urea, 0.5% (v/v) Triton X-100, 1.5% dithiothreitol (DTT), 0.5% (v/v) Pharmalyte 3-10 and 0.005% Orange G]. The gels were focused for 4 h at 300 V followed by 16 h at 3500 V and 15°C, using a Multiphor II apparatus (Amersham Pharmacia Biotech). The strips were placed in equilibration buffer A [50 mM Tris-Cl, pH 6.8, 6 M urea, 30% (v/v) glycerol, 1% sodium dodecyl sulfate (SDS) and 0.25% DTT] for 15 min, and next in buffer B [50 mM Tris-Cl, pH 6.8, 6 M urea, 30% (v/v) glycerol, 1% SDS, 4.5% iodoacetic acid and 3.5 µM bromophenol blue] for 15 min. Subsequently, the isoelectric focusing gels were placed onto SDS-polyacrylamide gel sheets (ExcelGel XL SDS 12-14; Amersham Pharmacia Biotech) and the proteins were then resolved in the second dimension with a constant current of 20 mA at 15°C until the bromophenol blue marker entered the gel sheets, followed by a second period of 40 mA for 2 h. The gels were fixed in a 45% ethanol/10% acetic acid solution and then silver-stained as described previously (22) .
Preparative 2D protein gel electrophoresis and N-terminal amino acid sequencing
For preparative 2D gel electrophoresis, 1.2 mg of total protein were separated by 2D gel electrophoresis as described above, except that the total protein preparation was scaled up and that an Immobiline DryStrip pH4-7L (18 cm) was used for the first dimension. The proteins in the spots on the gels were transferred to PVDF membranes (Bio-Rad Laboratories, Hercules, CA) by the method of Matsudaira (23) , and then stained with 0.1% Coomassie Brilliant Blue R250, 30% (v/v) methanol and 10% (v/v) acetic acid. The proteins were excised from the membranes and sequenced with an Applied Biosystems Protein sequencer (Model 492 Procise; Perkin-Elmer/Applied Biosystems, Foster City, CA).
Preparation of DNA microarrays
PCR primer pairs for the amplification of each of the 4100 ORFs in the B.subtilis 168 trpC2 genome (13) were obtained from Eurogentec (Seraing, Belgium). The primers were designed to amplify each ORF starting from the 5′ portion near a start codon and ending at the 3′ portion near a stop codon.
Each primer contained a 9-base non-variable 'tag' sequence at its 5′ end, which can be used for normalization of the quantities of PCR products spotted onto microscope glass slides, followed by 16-26 bases of gene-specific sequences, the length of which is dependent on GC content. PCR amplification of each gene was performed with recombinant Taq DNA polymerase (Takara Shuzo, Kyoto, Japan) using B.subtilis 168 trpC2 DNA as the template. All the PCR products were analyzed by electrophoresis on agarose gels to determine their size and purity. Approximately 96% of the genes in B.subtilis were successfully amplified.
DNA microarrays were prepared as described previously (17) . The PCR products (0.2 µg/µl for 3898 genes and 0.1-0.2 µg/µl for 43 genes), together with those of the hTFR gene (positive control), the human β-actin gene and calf thymus DNA (negative controls), were spotted onto polylysine-coated glass slides with the robotic printing device of a GMS 417 Arrayer (Affymetrix/Genetic MicroSystems, Woburn, MA) (spot diameter, 150 µm).
RNA isolation for DNA microarray analysis
Total RNA was isolated from cells essentially as described previously (24) . Cells of strains 1A250 and 1A147 were inoculated into 250 ml of DSM with and without 10 mM glucose in 1 l Erlenmeyer flasks, and then grown to an A 600 of 1.0 at 37°C. Cells of 240 ml portions of the cultures were pelleted, and the pellets were washed with 10 mM Tris-Cl (pH 7.5). The cells were suspended in 4 ml LETS buffer (100 mM LiCl, 10 mM EDTA, 10 mM Tris-Cl pH 7.5, and 1% SDS) and 1 ml aliquots of each suspension were distributed into four 15 ml Corning tubes with 1.0 ml of a phenol/chloroform/iso-amyl alcohol (25:24:1) mixture saturated with TE buffer (50 mM Tris-Cl pH 8, and 1 mM EDTA) and 500 µl of glass beads (0.5 mm diameter; Biospec Products, Bartlesville, OK). The mixtures were vortexed at maximal intensity for 4 min. The aqueous layers were collected after brief centrifugation and then reextracted with an equal volume of the phenol/chloroform/iso-amyl alcohol mixture. Total RNA was pelleted by stepwise mixing with a one-tenth volume of 1 M LiCl and 2.5 vol of ethanol, and subsequent centrifugation. The RNA was dissolved in distilled water and then recovered by ethanol precipitation (70%) in the presence of 0.3 M sodium acetate. The resulting total RNA preparations were treated with RNase-free DNase I (Roche Diagnostics GmbH/Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's protocol. The amounts of RNA were then quantified by A 260 measurement, and the preparations stored at -80°C. Using this method,~3 mg of total RNA were obtained from the above cultures (250 ml).
Synthesis of fluorescently-labeled cDNA synthesis
Specific primed cDNA synthesis of total RNA was performed to prepare fluorescently-labeled probes for hybridization to microarrays. RNA (50 µg) and a mixture of 4100 primers complementary to mRNAs (0.5 pmol each), which had been used for the preparation of microarrays, were mixed together with human transferrin receptor (hTFR) mRNA and its complementary hTFR primer (0.5 pmol). hTFR mRNA synthesized in vitro was kindly supplied by Takara Shuzo and was used as a positive control for microarray analysis. Trisacetate (pH 8.4) (50 mM final concentration), potassium acetate (75 mM), magnesium acetate (8 mM), DTT (10 mM), dATP, dCTP and dGTP (0.5 mM each), dTTP (0.2 mM), Cy3 (or Cy5)-dUTP (Amersham Pharmacia Biotech) (0.1 mM), RNaseOUT (Life Technology, Inc., Rockville, MD) (40 U) and Thermoscript, a heat-resistant reverse transcriptase (Life Technology, Inc.) (30 U), were added to this mixture to a final volume of 40 µl. Reverse transcription for fluorescent-labeling of cDNA was carried out at 60°C for 1 h, and then continued for another hour following the addition of 30 U of Thermoscript. To stop reverse transcription and to degrade total RNA, 5 µl each of 0.5 M Na-EDTA (pH 8) and 2 N NaOH were added to the reaction mixture, which was then incubated for 30 min at 65°C. After neutralization by the addition of 25 µl of 1 M TrisCl (pH 7.5), the reaction mixture was applied to a Centri-Sep spin column (Perkin-Elmer/Applied Biosystems) according to the supplier's instructions. The fluorescently-labeled cDNA was pelleted by ethanol precipitation (70%) in the presence of 0.3 M sodium acetate and subsequent centrifugation, washed with ethanol, air-dried and then dissolved in 8 µl of distilled water. The fluorescently-labeled cDNA was immediately used for hybridization to microarrays.
Hybridization and data analysis
Prior to hybridization, microarrays were pre-hybridized for 2 h at 65°C with 4× standard saline citrate (SSC), 100 µg/ml sonicated salmon sperm DNA (Stratagene, La Jolla, CA), 50× Denhardt's solution and 0.2% SDS, washed in 3× SSC and 0.1% SDS and then dried. The microarrays were hybridized in a final volume of 20 µl of a hybridization solution containing 5.5 µl each of Cy3-and Cy5-labeled cDNAs prepared as described above (3× SSC, 100 µg/ml sonicated salmon sperm DNA, 10× Denhardt's solution and 0.1% SDS). Prior to hybridization, the hybridization solutions were heated at 98°C for 2 min and then put onto microarrays. A cover slip was applied and the arrays were placed in hybridization chambers (CMT; Corning Inc., Corning, NY) and hybridization was allowed to take place for 40 h at 70°C. After hybridization, the microarrays were washed in 0.5× SSC and 0.01% SDS at 45°C for 5 min subsequently washed in 0.06× SSC at 25°C for 5 min, and finally dried. The intensities of fluorescence of the microarrays were determined with a confocal laser scanner (GMS 418 Array Scanner, Affymetrix/Genetic MicroSystems). The signal intensity for each spot was determined with ImaGene software (version 3; BioDiscovery, Inc., Los Angeles, CA). The mean fluorescence intensity for each spot was calculated, the background being taken as the average of the intensities of eight spots of calf thymus DNA and four spots of the PCR product of the human β-actin gene as negative controls.
RESULTS
Gene expression and glucose repression during cell growth in DSM
When B.subtilis cells are grown in nutrient sporulation media containing 0.8% nutrient broth (Difco Laboratories, Detroit, MI) such as DSM (20) and nutrient sporulation medium supplemented with K-phosphate buffer (NSMP) (25) , the synthesis of various catabolic enzymes is induced after the shift from glycolytic and gluconeogenic at the mid-logarithmic growth phase (A 600 = 0.8) (1, 10, 12) .
In order to examine the glucose repression of the synthesis of various proteins induced during cell growth in DSM, cells of strain 1A250 (wild-type) were cultivated in DSM with and without 10 mM glucose, and then harvested at A 600 = 1.0 after glucose repression had been relieved only in cells grown without glucose. Lysates prepared from the cells grown with and without glucose were subjected to 2D gel electrophoresis for analysis of their proteomes (Fig. 1A) . Comparison of the spot patterns of the cells grown with and without glucose indicated that the synthesis of nearly 80 proteins was glucose repressive.
To study whether the observed repression was mediated by the CcpA protein, that is, under catabolite repression, strain 1A147 (ccpA1) was also grown in DSM with and without glucose to A 600 = 1.0, and then cell lysates were likewise subjected to 2D gel electrophoresis. The majority of the glucose-sensitive spots observed with strain 1A250 (Fig. 1A ) turned out to be glucose-insensitive in the ccpA1 strain (Fig. 1B) . However, several protein spots in the patterns remained glucose-sensitive even in the ccpA1 background, which indicated that the glucose repression was under CcpA-independent control. Eleven proteins, whose synthesis had been found to be under glucose repression, were extracted from the corresponding spots on the preparative 2D gel for strain 1A250 (grown without glucose) and sequenced. Of these, the synthesis of four proteins was under CcpA-independent glucose repression. Table 1 shows the glucose-repressive gene products deduced from the sequencing of these proteins, their description and the CcpA dependency of their glucose repression. As shown in Table 1 , the glucose repression of the synthesis of RocA, D, F, SucC, D, Pdp and FolD was CcpA-dependent, whereas that of IolA, I, S and PckA was CcpA-independent. Further identification of glucose-repressive gene products was found to be difficult, because other candidate spots, containing sufficient amounts of protein (30 pmol/spot) for the determination of their amino acid sequences, could not be separated pure enough from surrounding spots on the preparative 2D gels.
Microarray analysis of glucose repression
In order to more systematically detect glucose-repressive genes, which were derepressed in cells grown in DSM without glucose, we prepared B.subtilis microarrays containing nearly 96% of the B.subtilis genes. Several probe preparation methods were examined, such as direct fluorescent labeling of total RNA (26) and cDNA-labeling by reverse transcription using random hexomers priming (27) , but these methods gave unsatisfactory results. Finally, we used cDNA labeling, which involves a heat-resistant reverse transcriptase, Thermoscript (Life Technology, Inc.), and a mixture of 4100 primers complementary to mRNAs. This method appeared to be the most efficient and gave the lowest background in spot intensities without removal of the rRNA from the total RNA preparation.
As an indication of the reliability of the microarray analysis performed as described above, we compared the Cy3 and Cy5 spot intensities on a microarray hybridized with a mixture of Cy3-and Cy5-labeled cDNAs prepared from the same total RNA. The results showed a good correlation between the Cy3 and Cy5 spot intensities (Fig. 2A) ; the correlation coefficient (r) of spot intensities was 0.937. When microarray analysis with Cy3-and Cy5-labeled probes prepared from total RNAs of strain 1A250 (wild-type) cells, grown with and without glucose, was performed, the correlation coefficient was 0.538 (Fig. 2B) , indicating that the transcriptome in the cells grown without glucose was highly affected by the presence of glucose in the medium. Further microarray analysis involving total RNAs of strain 1A147 (ccpA1) (Fig. 2C) revealed a correlation coefficient of 0.826, which is higher than that observed with strain 1A250 RNA and reflects the situation where a considerable number of glucose-repressive genes become glucose-insensitive in this strain. Figure 3 shows the glucose-sensitive spots in red on microarray pseudocolor images obtained for strains 1A250 (wild-type) and 1A147 (ccpA1), where the spot intensities with and without glucose are depicted in green and red, respectively, and are overlaid. The number of red spots in the image for the wild-type cells (Fig. 3A) was much greater than in that for the ccpA1 strain (Fig. 3B) . Examination of the red spots on the two overlaid images revealed that tens of red spots were common to the two images, indicating that the corresponding genes were under CcpA-independent glucose repression. Among the common red spots, those for the iol genes are indicated in the images (Fig. 3) . These microarray results indicate that negative Figure 1 . Glucose-repressive gene products on 2D gels induced in B.subtilis cells during growth in DSM. Total proteins from strain 1A250 (wild-type) (A) and strain 1A147 (ccpA1) (B) grown in DSM to an A 600 of 1.0 with and without 10 mM glucose (Glc) were subjected to 2D gel electrophoresis as described in the text. Identification of the proteins in 11 glucose-sensitive spots, which are indicated by red arrowheads and numbers, is shown in Table 1 . The 2D gel patterns (B) for strain 1A147 cells indicated that out of the 11 spots, four were still glucose-sensitive (indicated by red arrowheads), whereas the others (green arrowheads) had become glucose-insensitive due to the ccpA1 mutation.
regulation of catabolite repression mediated by the CcpA protein plays a very important role in the overall control of an efficient carbon flow during cell growth.
Detection of glucose-repressive genes
Judging from the expression levels of lacZ gene fusions in plasmid pMUTIN-integrants during growth in DSM (20) , roughly 25% of the B.subtilis genes were well expressed. This corresponds to approximately 1000 genes. Therefore, we detected the glucose-repressive genes from among these 1000 genes, which exhibited high spot intensities with RNA from strain 250 (wild-type) cells grown without glucose (Fig. 2B) . Among these spots, none exhibited more than a 2.2-fold difference in ratios of the Cy5 to Cy3 spot intensity ratio ( Fig. 2A) . Glucose repression of enzyme synthesis is usually >5-fold (1,2,21 ), as such, we detected 66 genes exhibiting >5-fold repression among the 1000 genes ( Table 2 ) through comparison of the spot intensities in the highest quality representative Cy3 and Cy5 microarray profiles for strain 1A250 cells (wild-type) grown with and without glucose ( Figs 2B and 3A) . These genes exhibited repression ratios comparable to those shown in Table 2 in two independent microarray analyses of glucose repression. Moreover, of the 11 proteins whose synthesis was found to be under glucose repression through the 2D gel electrophoresis analysis (Fig. 1B (Table 2) .
A literature survey revealed that 29 of the 66 genes selected here had been reported to be glucose (or catabolite)-repressive with regard to the genes themselves or the operons containing them as constituents and/or synthesis of their products [acoA, C (28), glpF (29) , ctaC, D, E, G (30) , sucC, D (1), sacC (31, 32) , araA (33, 34) , speD (35) , gapB (36) , pckA (37) , rocG (38) , iolA, B, C, D, E, F, G, H, I, J (11,39) , rocD, E, F (40) and licA (41) ]. In addition, glucose repression of the expression of ycnK, acoA, C, iolA, B, C, D, E, F, G, H, I, J and msmX was confirmed in the analysis of lacZ expression in the MUTIN integrants, the results of which are obtainable from JAFAN (http://bacillus.genome.ad.jp). Thus, 31 of the 66 potential glucose-repressive genes found through microarray analysis were somehow proven to be under glucose repression. Therefore, it is likely that among the other 35 genes a considerable number are also glucose-repressive under the growth conditions used.
CcpA dependency of glucose-repressive genes
Among the 66 glucose-repressive genes that were found through microarray analysis (Table 2) , seven (acoA, ctaD, cstA, rbsA, R, msmX and iolB) were associated with a putative cre site, which might be the recognition target for CcpA (9) . We therefore examined whether or not the glucose repression of these genes was CcpA dependent. This was done through comparison of the spot intensities in representative Cy3 and Cy5 microarray profiles with RNA of strain 1A147 (ccpA1) cells grown with and without glucose (Figs 2C and 3B). As shown in Table 2 , 22 of the 66 genes were still glucoserepressed, even in the ccpA1 background, these were glmS, acoA, C, yisS, speD, gapB, pckA, yvdR, yxeF, iolA, B, C, D, E, F, G, H, I, J, R, S and yxbF. This CcpA independency was confirmed by two independent microarray analyses involving RNA of strain 1A147 grown with and without glucose. Furthermore, the results of 2D gel electrophoresis analysis (Fig. 1B and Table 1 ) also indicated that the synthesis of the products of four genes (iol, A, I, S and pckA) was under CcpAindependent glucose repression, which is consistent with the results of microarray analysis. Table 2 shows that the glucose repression of the genes included in the iolABCDEFGHIJ and iolRS oprons is partially CcpA independent. The two operons constitute the iol divergon involved in myo-inositol catabolism (11, 42) , and IolR is a transcriptional repressor of this divergon (42) . Glucose repression of the synthesis of inositol dehydrogenase encoded by iolG Table 1 . Identification of the B.subtilis glucose-repressive gene products on 2D gels a a Total protein from strain 1A250 (wild-type) cells grown to A 600 = 1.0 in DSM without glucose was subjected to preparative 2D gel electrophoresis, as described in the text. The proteins in the spots corresponding to those shown in the left panel of Figure 1A were extracted and sequenced. N-terminal sequencing of the proteins in the spots allowed us to identify the B.subtilis genes encoding these products by means of the SubtiList worldwide web server (http://www.pasteur.fr/Bio/SubtiList) with the FASTA program (48) . b The protein descriptions were mainly obtained from the SubtiList World Wide Web server. c The CcpA dependency of the glucose repression of the synthesis of each protein was obtained from the results (Fig. 1B) was reported previously (11, 39) , and here we investigated the CcpA dependency of this repression. Table 3 shows that the glucose repression ratios of inositol dehydrogenase synthesis were over 350 and 4.9 in the wildtype and ccpA1 backgrounds, respectively, which is well consistent with the data obtained on microarray analysis (Table 2) . The remaining glucose repression in the ccpA1 background can presumably be explained by inducer exclusion because the glucose repression ratio in the wild-type background (over 350-fold) was reduced to 6.1-fold in the iolR::neo background, and almost no glucose repression was observed in the doubly mutated iolR::neo and ccpA1 background. The results suggested that the CcpA-independent repression of the iol genes might be exerted by inducer exclusion. Logarithmic-scale plots of normalized spot intensities (arbitrary units). Spot intensities were normalized after subtracting their backgrounds, i.e. the average spot intensities of 12 mammal gene spots. After substituting the intensities of less than 10 with that of 10, which was less than the standard deviations of their backgrounds, the intensities were plotted logarithmically. The correlation coefficient is indicated by r. (A) RNA of strain 1A250 (wildtype) grown with glucose was used for both Cy3 and Cy5 cDNA-labeling. After hybridization of microarrays with the Cy3 and Cy5 probes, the respective spot intensities for 4100 genes, calculated as above, were plotted. The backgrounds for Cy3 and Cy5 spot intensities were 244.6 ± 42.7 and 278.2 ± 74.4, respectively. (B) RNA of strain 1A250 (wild-type) grown with and without glucose (Glc) was used for Cy3-and Cy5-labeling, respectively. The backgrounds for Cy3 and Cy5 spot intensities were 189.3 ± 30.4 and 249.5 ± 46.7, respectively. (C) RNA of strain 147 (ccpA1) grown with and without glucose was used for Cy3-and Cy5-labeling, respectively. The backgrounds for Cy3 and Cy5 spot intensities were 186.3 ± 21.5 and 206.7 ± 31.4, respectively. 
Investigation of the glucose repression of the synthesis of inositol dehydrogenase
DISCUSSION
We have prepared DNA microarrays and developed the microarray techniques for analysis of the B.subtilis transcriptomes. As described above, the cDNA-labeling method used was found to be the most efficient and to give the lowest background with regard to microarray spot intensities. We also raised the hybridization temperature to 70°C, which caused significant reduction of cross-hybridization between paralogous genes (data not shown). Before this microarray analysis for glucose repression, we examined whether or not the results obtained by the microarray techniques used coincide with those of northern analysis (20) for 11 genes exhibiting different expression patterns during growth in DSM. The microarray results coincided well with those of northern analysis (data not shown), indicating that our microarray analysis is reliable. Very recently, Fawcett et al. (18) and Ye et al. (19) reported the macroarray and microarray analyses for transcription profiles of early to middle sporulation, and in aerobic and anaerobic growth conditions, respectively. There is a striking difference between the cDNA-labeling methods; these previous studies used random hexomers to prime the reverse transcription, whereas we used a mixture of specific primers. However, it is very difficult to judge at present which priming method is better for B.subtilis array analysis, because the cDNA-labeling conditions were quite different from each other.
To systematically study B.subtilis glucose-repressive genes, we combined the techniques of 2D protein gel electrophoresis and DNA microarrays to analyze the proteome and transcriptome in cells grown in DSM. We identified 11 glucose-repressive gene products through 2D gel electrophoresis (Table 1) , whereas we detected 66 glucose-repressive genes through microarray analysis ( Table 2 ). The CcpA dependency of the repression of these genes was also investigated using the ccpA mutant, indicating that 22 of the 66 genes were partially under CcpA-independent control. Among the 11 proteins whose synthesis was glucose-repressive, nine of the corresponding genes (the exceptions being pdp and folD) were included among the 66 genes found to be glucose-repressive through microarray analysis. The CcpA independency of glucose repression of four gene products identified through 2D gel electrophoresis analysis was also confirmed by microarray analysis. Thus, the patterns of glucose-repressive genes found by proteome and transcriptome analyses were largely similar, although a discrepancy was observed in the glucose repressibility of two genes (pdp and folD). At present, we cannot explain this observation.
We detected the 66 glucose-repressive genes by means of microarray analysis of the transcriptomes in cells grown in DSM with and without glucose ( Table 2 ). These genes form only part of the total number of glucose-repressive genes of B.subtilis, mainly because many glucose-repressive genes are Table 3 . Glucose repression of the synthesis of inositol dehydrogenase encoded by iolG a Cells of B.subtilis strains were grown to an A 600 of 0.8 in S6 medium (25) containing 0.5% casamino acids with 10 mM inositol (Iol), or 10 mM each of inositol and glucose (Glc). The cells (4.5 A 600 units) were harvested and then treated with lysozyme and sonicated briefly to prepare crude extracts (39) . The inositol dehydrogenase activity in the crude extracts was measured as described previously (10) . The repression ratios, folds, were obtained by dividing the enzyme activities in the crude extracts prepared from cells grown with glucose by those in the case of growth with inositol and glucose. (ii) We detected the glucose-repressive genes that exhibited a >5-fold difference in the repression ratio among the 1000 genes giving high spot intensities. Although in this detection we may have missed a substantial number of glucose-repressive genes, we attempted to detect only the genes that are very likely to be glucose-repressive. Furthermore, we considered that only glucose-repressive gene transcripts varied by such a huge factor, so it is likely that the results we provided will hold even though the medium was different from batch to batch of nutrient broth (Difco). (iii) We cannot exclude the possibility that cDNAs of certain genes were not efficiently fluorescentlylabeled due to insufficient priming. Moreover, hybridization of labeled cDNAs with the microarray may not in all cases be specific to their PCR products due to cross hybridization to paralogous genes, so the actual glucose repression ratios could not be obtained for certain genes. Even considering these potential problems, our microarray analyses appeared to be reliable for transcriptome analysis, because we could detect the 66 genes that are very likely to be under glucose repression. The genes listed in Table 2 inositol (iolA, B, C, D, E, F, G, H, I , J, R, S). yerA, yisS, yvfL, yvfK, ywtD and msmX are also likely to be involved in catabolism of carbohydrates and others according to their similarity search ( Table 2 ). The sucC and sucD genes encode the α and β subunits of succinyl-CoA synthetase, respectively, involved in the citric acid cycle, whereas gapB (36) and pckA are involved in gluconeogenesis. In addition, ctaC, D, E, G, qcrA, B and resE are involved in aerobic growth or its regulation. Therefore, it is not difficult to explain the reasons why expression of these genes was found to be under glucose repression: because they are likely to be needed less as long as glucose is present in the medium. Actually, many of them were reported to be under glucose repression, as described above. However, it is rather difficult to explain the reasons why the other known and unknown genes were found to be under glucose repression.
Glucose repression is the phenomenon of catabolite repression. Glucose repression is mainly exerted by catabolite repression and inducer exclusion. In the low-GC Gram-positive bacteria, catabolite repression is mediated by the CcpA protein. Among the 66 glucose-repressive genes detected through the DNA microarray analysis, 22 were at least partially under CcpAindependent repression (Table 2) , which appeared to be explained by CcpA-independent mechanisms such as inducer exclusion. Actually, CcpA and IolR, a repressor for the iol divergon, were involved in glucose repression of the synthesis of inositol dehydrogenase encoded by iolG (Table 3) . Thus, both catabolite repression and inducer exclusion appeared to be involved in the glucose repression of the iol genes. Glucose repression of the other 12 genes was also partially CcpA independent (Table 2) . However, it is difficult to judge whether or not CcpA is also involved in their glucose repression. The ccpA1 mutation largely affected the overall carbon flow, which was normally induced by the addition of a glycolytic carbon source, glucose (Figs 2 and 3) , which might cause the reduction in the glucose repression ratio observed in the wild-type background.
We now point out the interesting features of the expression of several glucose-repressive genes found through microarray analysis. It was reported that glucose repression of sacC is CcpA-dependent (32) , whereas that of ctaC, D, E, F (30) and gapB (36) is partially and only indirectly CcpA-dependent, respectively. According to our results of the microarray analysis (Table 2) , the CcpA dependency of glucose repression of sacC and gapB was consistent with the published observations. But the glucose repression of ctaC, D, E and G was completely CcpA dependent. Moreover, the syntheses of arginase and ornithine aminotransferase, encoded by rocF and rocD, respectively, were reported to be under only limited glucose repression in arginine-induced cultures with glucose or citrate as the carbon source (46) . Nevertheless, we found that not only the syntheses of these enzymes, but also the transcription of their genes was under CcpA-dependent glucose repression (Tables 2 and 3) . Also, the derepression of arginase synthesis in cells grown in a nutrient medium was reported previously (40) . The discrepancy in these results might be explained by the differences in the minimal and nutrient media; we used DSM containing nutrient broth. Furthermore, speD expression from its own promoter, which was very high in cells growing on glucose (35) , might be repressed by an unknown repressor present in the DSM because we did not observe high expression of this gene induced by glucose (Table 2 ) in the medium. Another complex matter is the transcriptional regulation of the qcrA and B genes. Our results showed that qcrA and B were under CcpA-dependent glucose repression (Table 2 ), whereas they were previously reported to be under abrB-negative regulation (47) . At present, we cannot explain the regulation of these genes properly. Our most interesting finding was that acoA, C, gapB and pckA, which are supposed to play important roles in gluconeogenesis, were under CcpA-independent glucose repression ( Table 2 ). It will be interesting to investigate the mechanism underlying this glucose repression.
